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1  | INTRODUCTION
Tropical forests influence global carbon dynamics more than any other 
terrestrial biome; they contain 25% of terrestrial biomass and account 
for c. 40% of the terrestrial carbon sink (Feldpausch et al., 2012; Pan 
et al., 2011). The majority of aboveground carbon in tropical forests 
is sequestered in wood (Rice et al., 2004) and the process of dec 
omposition eventually releases most of this carbon as CO2. Indeed, 
actively decomposing dead woody debris accounts for as much as 20% 
of above- ground carbon and 15% of CO2 emissions in tropical forests 
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Abstract
1. The majority of above-ground carbon in tropical forests is stored in wood, which is 
returned to the atmosphere during decomposition of coarse woody debris. 
However, the factors controlling wood decomposition have not been experimen-
tally manipulated over time scales comparable to the length of this process.
2. We hypothesized that wood decomposition is limited by nutrient availability and 
tested this hypothesis in a long-term litter addition and removal experiment in a 
lowland tropical forest in Panama. Specifically, we quantified decomposition using 
a 15-year chronosequence of decaying boles, and measured respiration rates and 
nutrient limitation of wood decomposer communities.
3. The long-term probability that a dead tree completely decomposed was decreased 
in plots where litter was removed, but did not differ between litter addition and 
control treatments. Similarly, respiration rates of wood decomposer communities 
were greater in control treatments relative to litter removal plots; litter addition 
treatments did not differ from either of the other treatments. Respiration rates in-
creased in response to nutrient addition (nitrogen, phosphorus, and potassium) in 
the litter removal and addition treatments, but not in the controls.
4. Established decreases in concentrations of soil nutrients in litter removal plots and 
increased respiration rates in response to nutrient addition suggest that reduced 
rates of wood decomposition after litter removal were caused by decreased nutri-
ent availability. The effects of litter manipulations differed directionally from a pre-
vious short-term decomposition study in the same plots, and reduced rates of bole 
decomposition in litter removal plots did not emerge until after more than 6 years 
of decomposition. These differences suggest that litter-mediated effects on nutri-
ent dynamics have complex interactions with decomposition over time.
K E Y W O R D S
carbon cycling, coarse woody debris, nitrogen, phosphorus, potassium, respiration, tropical 
forest
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(Chambers et al., 2004; Palace, Keller, & Silva, 2008; Rice et al., 2004). 
To understand and accurately predict changes in tropical forest carbon 
cycling, it is therefore necessary to determine what factors control the 
decomposition of trees and large branches (cumulatively referred to as 
coarse woody debris [CWD] or individually as “boles”).
Experiments investigating factors that control decomposition are 
generally restricted to leaf litter and fine woody debris. Substrate char-
acteristics and microclimate are important to litter and fine woody 
decomposition rates (reviewed by Berg & Laskowski, 2005; Fasth, 
Harmon, Sexton, & White, 2011), and one or more nutrients typically 
limit litter decomposition rates in non- desert ecosystems (Austin & 
Vivanco, 2006; Hobbie & Vitousek, 2000; Kaspari et al., 2008). For 
small woody substrates (<20 cm3), controlled experiments indicate 
that decomposer species composition, community assembly history, 
nitrogen (N) availability, and phosphorus (P) availability all influence 
decomposition rates (Bebber, Watkinson, Boddy, & Darrah, 2011; 
Boddy, 2001; Fukami et al., 2010). For small branches in a lowland 
tropical forest (5 cm diameter), decomposition rates increased with P 
and P + N addition for some tree species but not for others, indicat-
ing that substrate characteristics influence the effects of fertilization 
(Chen et al., 2015). Although these studies form a useful foundation 
for understanding wood decomposition, it remains unknown if results 
from short- term decomposition studies using small woody substrates 
are predictive of CWD decomposition.
Uncertainty regarding wood decomposition exists in part because 
fine woody debris is chemically different from CWD and decomposi-
tion of entire boles occurs over long time scales (Harmon et al., 1986; 
Kimmey, 1955). Decomposition rates of larger boles are often slower 
than for smaller boles, but it remains unclear how this phenomenon is 
influenced by chemical composition and geometry (surface area- to- 
volume ratio; Oberle et al., 2017; reviewed in Harmon et al., 1986). 
Small woody debris is mostly composed of relatively labile sapwood, 
whereas a large portion of mature tree mass is recalcitrant heartwood 
that often contains complex compounds and lower nutrient content 
(Grubb & Edwards, 1982; Sellin, 1994; Meerts, 2002; Taylor, Gartner, 
& Morrell, 2002). These types of compositional differences can have 
complex effects on decomposition (Carreiro, Sinsabaugh, Repert, & 
Parkhurst, 2000) that are not well understood for woody substrates 
(Chen et al., 2015). Despite these differences, the vast majority of 
experimental investigations of wood decomposition focus on fine woody 
debris, yet most dead wood carbon is stored in coarse woody debris.
Circumstantial evidence and natural experiments provide some 
information about long- term wood decomposition. Wood decom-
position often differs among tree species and it is faster for smaller, 
less dense, and low lignin woody debris in tropical forests (Chambers, 
Higuchi, Schimel, Ferreira, & Melack, 2000; van Geffen, Poorter, Sass- 
Klaassen, van Logtestijn, & Cornelissen, 2010). Wood has higher 
carbon- to- macronutrient ratios than decomposer organisms, resulting 
in an initial stage of nutrient translocation into wood during decompo-
sition (Boddy, 2001; Mooshammer, Wanek, Zechmeister- Boltenstern, 
& Richter, 2014). The bulk translocation of soil nutrients for wood 
decomposition is so substantial that CWD removal and multi- nutrient 
fertilization had similar positive effects on net primary productivity in a 
secondary tropical forest (Zimmerman et al., 1995). However, it is not 
known for how long nutrient translocation occurs and how the process 
of nutrient import influences decomposition rates. In a relevant study, 
the effects of fertilization were inconsistent through time (Chen et al., 
2015), suggesting that nutrient limitation is only important during 
some stages of decomposition. Without long- term experiments span-
ning the duration of CWD decomposition (Cornelissen et al., 2012), it 
is impossible to determine how nutrient availability influences dead 
wood decomposition.
Long- term litter manipulations are useful for investigating the roles 
of soil nutrients during decomposition. Litter functions as a complete, 
stoichiometrically balanced fertilizer that releases nutrients as it de-
composes over months (Sayer et al., 2012), and thus litter addition 
provides insight into the influence of bulk nutrient addition on rates of 
decomposition. Two features of this approach are (1) that it does not 
change nutrient ratios in the same way as fertilization with select ele-
ments (Sayer & Banin, 2016) and (2) that it approximates future forest 
conditions because increased litter inputs are expected in response 
to increased CO2 concentrations (Liu et al., 2009). By contrast, litter 
removal can provide information about the roles of soil nutrient pools 
during decomposition. To our knowledge, no studies to date have con-
sidered how litter inputs influence long- term wood decomposition.
We investigated long- term CWD decomposition in a litter ma-
nipulation experiment in lowland tropical forest in Panama. In this 
experiment, litter addition plots are relatively nutrient- rich (elevated 
soil nitrate and P), whereas litter removal plots are nutrient- poor (re-
duced soil inorganic N, soil P, litter N, and litter potassium [K]; Sayer 
et al., 2012; Sheldrake, Rosenstock, Revillini, Olsson, Mangan et al., 
2017). We hypothesized that long- term rates of wood decomposition 
increase with greater litter input as a result of enhanced nutrient avail-
ability (N, P, and K), whereas decomposition rates decrease with very 
low litter input due to nutrient limitation. We tested three predictions 
related to this hypothesis: (1) CWD decomposition rates are higher in 
litter addition treatments and lower in litter removal treatments com-
pared to controls; (2) similarly, wood decomposer activity (respiration 
rates) during late- stage decomposition is greater in litter addition plots 
and reduced in litter removal plots; (3) respiration rates of decomposer 
communities exhibit a greater increase in response to nutrient addi-
tion in litter removal plots than in litter addition or control plots. We 
used tree survey data to establish the species and year of death for 
decaying boles within the plots, which allowed us to test our predic-
tions using a 15- year chronosequence of CWD.
2  | MATERIALS AND METHODS
2.1 | Study site
The study site was lowland tropical forest located on the Gigante 
Peninsula within the Barro Colorado Nature Monument in central 
Panama. Forest structure and tree composition are typical of ma-
ture lowland tropical forest in Mesoamerica (Wright et al., 2011) 
with an average annual temperature of 27°C, mean annual rainfall of 
2,600 mm, and a short dry season (January–April, <100 mm monthly 
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rainfall; (Leigh, 1999). The soils are Oxisols with moderate to low con-
centrations of exchangeable cations and resin- extractable phosphorus 
(Wright et al., 2011; Yavitt, Harms, Garcia, Mirabello, & Wright, 2011).
2.2 | Litter Manipulation Plots
The Gigante Litter Manipulation Project (GLiMP) comprises 15 plots 
(45 × 45 m) in five replicate blocks of three treatments. The litter 
in the five “litter removal” plots has been raked and moved to the 
five “litter addition” plots once a month since January 2003; five 
unmanipulated plots were maintained as controls (estimated litter-
fall = 991 g m−2 year−1; Sayer & Tanner, 2010a). The experimental de-
sign is described in detail elsewhere (Sayer, Tanner, & Lacey, 2006). All 
trees with >10 cm diameter at breast height (DBH) in the plots were 
measured, tagged, identified, and mapped with c. 0.5 m accuracy in 
2000; this process has been repeated annually, with the exception 
of 2006 and 2008, through to the conclusion of this study (August 
2016). Soil nutrient concentrations were last measured in these plots 
in 2010 and 2012 (Sayer et al., 2012; Sheldrake, Rosenstock, Revillini, 
Olsson, Mangan et al., 2017).
2.3 | Bole survey
In 2016, we used a chronosequence approach to compare CWD de-
composition among litter treatments (van Geffen et al., 2010). The 
tree census data from the litter manipulation plots indicated the year 
in which a given tree died, the size of the tree at death, the species of 
the tree, and its location in the plot. Boles were not moved away from 
their original location by human activity because access to the study 
site is restricted. Using census information, we were able to locate 
remaining boles and determine if others had completely decomposed.
We returned to the original location of each dead tree and cate-
gorized these trees into two groups. The first group (n = 115) included 
downed and standing dead trees that we were able to unambiguously 
identify. Specifically, unambiguous identification relied on detecting 
a remnant bole with sufficient elliptical- cylindrical structure that we 
could determine its orientation and position relative to the original 
location of the tree. The second group comprised trees that had com-
pletely decomposed (n = 99). Boles were only recorded with this fate if 
no intact sections of wood existed near their original location. We did 
not consider small wood fragments (typically <500 cm3) as evidence 
of a remaining bole for two reasons: (1) it is nearly impossible to de-
termine the original source of individual fragments and (2) the pres-
ence or absence of litter biases detection rates for small fragments. 
Consequently, small woody fragments of “completely decomposed” 
boles may persist in these plots, but any omissions were consistent 
among litter treatments. To account for species–specific differences in 
initial wood density, we used the published values for each species or 
its closest known relative (global wood density database, Chave et al., 
2009).
We excluded dead trees from our analyses if they were unidenti-
fiable or lacked important covariates (diameter, species, or location; 
n = 104), and we did not consider dead palms (n = 82). We omitted 
dead trees that lacked tree species identifications (n = 67) or accurate 
locations (n = 7). Trees that fell outside of the plots were not affected 
by the litter manipulation treatments and were thus removed (n = 4). 
We also removed trees from analyses if the tree location was obscured 
by a treefall (n = 7), or multiple boles were clustered and/or in an ori-
entation that precluded a confident assignment to single point of ori-
gin (n = 19). Trees omitted from our analyses were smaller and denser 
than those retained, but their cross- sectional masses did not differ 
(Table S1). Regardless, all criteria were applied equally to all plots, and 
the characteristics of excluded trees did not differ among litter treat-
ments (Supplementary Information).
2.4 | Wood respiration
We used respiration measurements to estimate short- term decom-
poser community activity. We selected 28 boles in each of the three 
litter treatments so that bole ages (i.e., time since tree death) were 
relatively evenly distributed across the course of the study. To ensure 
accurate measurements, we only chose boles with sufficient struc-
ture (diameter, length, and shape) to support respirometry collars. We 
attached 10 cm tall respirometry collars (7 cm diameter PVC sec-
tions) to each bole using silicon sealant (Figure S1) and all collars were 
located at least 0.3 m from a bole end.
Beginning one week after collar attachment, we began measur-
ing respiration rates using a Viasala respirometer (Figure S2, GMP343 
CO2 probe, Vaisala Inc.). We attached the respirometer to each collar 
for 5 min and recorded CO2 (ppm) every 15 s. We removed the ini-
tial portion of each recording (c. 15–45 s) because of inconsistency 
and we approximated respiration rates as the slope of the linear CO2 
accumulation curve during the remaining portion of the recording pe-
riod (Bréchet et al., 2017). To control for temporal variability and esti-
mate baseline respiration rates of wood decomposer communities, we 
measured respiration of each bole three times over a 2- week period.
All respiration measurements were taken during the wet season 
(June–July 2016). Rainfall (June = 326.5 mm; July = 486.8 mm) far 
exceeded potential evapotranspiration (June = 48.5 mm; July  
= 45.4 mm) during these months, and this typical pattern causes soil 
moisture (and presumably wood moisture) to be consistent among 
years (S. Paton, STRI Environmental Monitoring Program, personal 
communication, March 2017). These measurements primarily cap-
ture microbial effects on decomposition and they are representative 
of the conditions underlying the majority of carbon mineralization. 
Specifically, decomposition occurs much more rapidly during the wet 
season than the dry season in this forest (Wieder & Wright, 1995), and 
the wet season is twice as long as the dry season. However, the effects 
of infrequent fragmentation events and transient invertebrates are not 
captured by this method given its small spatial and temporal scale.
We estimated the current density of these boles using a dynamic 
penetrometer, as described by Larjavaara and Muller- Landau (2010). 
Briefly, we inserted the penetrometer vertically into each bole c. 5 cm 
from the respirometry collar and measured the distance of penetration. 
We estimated density using the relationship between penetration and 
wood density previously established for CWD in this forest (Larjavaara 
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& Muller- Landau, 2010). To create a proxy for decomposition state, 
we then calculated bole density (%) as the percent of original density 
remaining (hereafter bole density remaining; original density estimated 
using the global wood density database, Chave et al., 2009). Although 
the variability of penetrometer measurements can increase with de-
composition stage (Oberle et al., 2014), they are more accurate on a 
case- by- case basis than other non- destructive techniques that con-
sider both void space and heterogeneity in wood density (Larjavaara 
& Muller- Landau, 2010).
2.5 | Sensitivity to nutrient addition
To quantify nutrient limitation of wood respiration among litter treat-
ments, we installed a second respirometry collar on a subset of the 
boles (litter addition: n = 9: litter control: n = 6; litter removal: n = 5). 
The added collars were at least 1 m apart from the original collars to 
reduce the likelihood of short- term nutrient translocation. We used all 
boles that met two criteria: (1) the trees had died >3 years previously, 
and (2) they were either long enough to support two collars or sepa-
rated into two large fragments. We chose boles that were >3 years old 
(hereafter old boles) to focus on late- stage decomposition (i.e., longer 
than typical decomposition studies).
After concluding our baseline wood respiration measurements, we 
performed a one- time fertilization of each bole to test for sensitivity 
to nutrient addition. Specifically, one collar per bole received 50 ml 
of nutrient solution (hereafter NPK addition) and the other collar re-
ceived 50 ml of distilled water (H2O addition). The nutrient solution 
contained total amounts of N, P, and K commonly used in other fertil-
ization experiments (described by Kaspari et al., 2008). Specifically, we 
fertilized the collars with the equivalent of 125 kg N ha−1 (as NH4Cl), 
60 kg P ha−1 (as KH2PO4), and 75 kg K ha
−1 (as KH2PO4). Respiration 
rates were measured 3, 11 and 18 days after treatment application.
Differences in chemical composition and the historic interactions 
with biotic or abiotic factors (e.g. insects, pathogens and soil con-
tact) are important to bole decomposition, yet they were unknown in 
this study. By pairing NPK and water treatments, our intent was to 
control for chemical composition and bole history. We assessed the 
magnitude of the respiration response to NPK and water addition by 
calculating the percentage change in respiration rates from average 
pre- treatment respiration of each collar.
2.6 | Core collection and elemental analysis
We also compared the elemental composition of each fertilized bole 
prior to NPK and H2O addition. We collected a small core (2 cm di-
ameter, 2 cm depth) from the top of each bole and 5 cm from each 
respirometry collar. Wood cores were oven- dried (60°C) and ground 
with a Wiley- Mill before chemical analysis. Total carbon and nitrogen 
were determined by elemental analysis (Thermo Flash EA1112, CE, 
Elantech, Lakewood, NJ, USA), while concentrations of mineral ele-
ments (P, K, Na, Zn, Ca, Mn, Mg, Al, B, Cu, Fe) were determined by 
nitric acid digestion at 180°C under pressure in PTFE vessels, with de-
tection by inductively coupled plasma optical- emission spectrometry 
(ICP- OES) on an Optima 7300 DV (Perkin Elmer, Inc, Shelton, CT). 
Analytical quality was confirmed in both procedures, using the NIST 
peach leaves standard. All elemental analyses were performed in the 
Soils Laboratory at the Smithsonian Tropical Research Institute.
2.7 | Statistical methods
Analyses were performed in the R statistical environment (R Core 
Team, 2016) using the lme4 and lmertest packages for logistic re-
gression and linear mixed effects models (Bates, Maechler, Bolker, 
& Walker, 2014; Kuznetsova, Brockhoff, & Bojesen, 2016) and the 
vegan package for multivariate analyses (Oksanen et al., 2007). The 
significance of each term in the models was determined by comparing 
nested models with likelihood ratio tests. We sequentially dropped 
terms according to AICs and likelihood ratio p- values until a minimum 
adequate model was identified (Bolker et al., 2009; Pinheiro & Bates, 
2000). Finally, we examined residuals to confirm appropriate model 
fit.
We compared the likelihood of complete decomposition of boles 
among litter manipulation treatments using the initial bole survey 
data. We used a generalized linear mixed effect model (glmer function; 
 logistic regression) with a binary response variable: either the bole was 
present in 2016 or had completely decomposed. We approximated 
bole “size” at the time of death as the product of basal area and density 
(cross-sectional mass) because basal area and initial density were cor-
related and would violate the assumption of independence (R = −.36, 
t = 5.57, df = 212, p < .001). We included litter treatment, bole age, 
and cross- sectional mass as fixed effects and plot as a random effect. 
The random effect “plot” did not affect the fit of the model, likely be-
cause the tested phenomenon occurs at a smaller scale than a plot, 
and therefore we removed this term to identify the minimum adequate 
model. The grouping effect “plot” was removed from all other linear 
models after being similarly tested. The interactions between cross- 
sectional mass and the other predictors were sequentially dropped be-
cause they did not affect the fit of the model. To further investigate the 
interaction between litter manipulations and bole age, we performed 
pairwise comparisons among litter treatments with the same three 
main effects as above and the interaction effect between bole age and 
litter treatment (glm function). We log- transformed cross- sectional 
mass to improve the model fit. Finally, we used the Bonferroni correc-
tion to account for multiple comparisons using the same data.
Although tree species characteristics (e.g., chemical composition 
and wood density) influence decomposition, we could not directly 
account for tree species in our linear models because species were 
not evenly distributed across litter treatments (71 of 74 species were 
present in ≤1 replicate set of plots). Alternatively, we considered the 
species composition of dead trees among litter treatments using 
perMANOVA (Bray–Curtis distance) and pseudo- F statistics. The 
perMANOVA included litter treatment and bole status (completely de-
composed or remaining in 2016) as fixed effects and plot as a random 
effect. We also performed blocked indicator species analysis (PC- ORD 
v6.08) for bole status to identify tree species with particularly labile 
or recalcitrant wood and to statistically control for the effects of litter 
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treatment (Dufrene & Legendre, 1997). Apart from these multivariate 
tests, we accounted for species effects using species–specific density 
in the logistic regression and elemental composition in models for the 
NPK and H2O manipulation experiment.
We used a linear mixed effects model (lmer function) to compare 
respiration rates among litter treatments. For boles that supported 
two respiration collars, we used the means of measurements that oc-
curred on the same day. As respiration rates are influenced by wood 
decay status and decomposition rates differed among treatments (see 
section 3), we used bole density remaining (defined above) instead of 
bole age as a proxy for decomposition status. The initial model there-
fore included litter manipulation treatment and bole density remain-
ing as fixed effects and the unique bole identifier nested within plot 
as random effects. We tested for differences among litter treatments 
using a post hoc Tukey HSD test.
We used this same model to compare the elemental concentra-
tions of boles used in the NPK limitation experiment. We also con-
sidered interspecific differences in chemical composition by exploring 
differences in elemental composition among fertilized boles with a 
Principal Components Analysis using standardized variables (Table 1). 
We fit each input variable as a vector to the ordination (envfit func-
tion) to visually display which elements best explained the separation 
of boles along the first two ordination axes.
Finally, we compared the change from baseline respiration rates 
among litter treatments after NPK and H2O addition using a repeated 
measures mixed- effect model. Litter manipulation and NPK/H2O 
treatment were included as fixed effects, and both plot and unique 
bole identifier were random effects. For repeated measures covari-
ance, bole identifier was the subject and the days post- treatment was 
the repeated measure. We included the scores from the first two PCA 
axes as covariates to account for differences in elemental composition. 
The bole identifier term standardized our nutrient addition compar-
isons within a single bole and thereby accounted for the effects of 
bole history and chemical composition when comparing NPK and H2O 
treatments (analogous to the structure of a paired t- test). To further 
explore the interaction effect between litter manipulations and nutri-
ent addition, we made pairwise comparisons between nutrient addi-
tions within each litter addition treatment.
3  | RESULTS
3.1 | Bole decomposition
The likelihood that boles decomposed completely was affected by 
the initial size of the bole, bole age, and the litter treatment. In all 
cases, the likelihood of decomposition increased with lesser initial 
cross- sectional mass (χ2
1
 > 28.46, p < .001, α = 0.0167) and greater 
bole age (χ2
1
 ≥ 28.87, p < .001, α = 0.0167; Figure 1). However, 
the likelihood of a bole completely decomposing during the 
15- year study was not consistent among the three litter manipula-
tion treatments (treatment x bole age interaction: χ2
2
 = 6.67, p = .036; 
Figure 1). Specifically, the pattern of bole decomposition with in-
creased bole age differed between the control and litter removal 
treatments (pairwise treatment x bole age interaction: χ2
1
 = 5.86, 
p = .015, α = 0.0167). Decomposition was similar between control 
and litter removal plots in the short- term, but the long- term prob-
ability of complete decomposition in control plots was substantially 
higher than in removal plots (Figure 1). The probability of complete 
decomposition was marginally significantly greater in the litter addi-
tion treatment than in the litter removal treatment (pairwise com-
parison: χ2
1
 = 5.42, p = .02, α = 0.0167), whereas bole decomposition 
was similar in the litter addition and control treatments (pairwise 
comparison: χ2
1
 = 0.016, p = .899, α = 0.0167).
3.2 | Tree species effects
Neither tree species nor species- related characteristics influenced dif-
ferences in the probability of decomposition among litter treatments. 
Both predictors in the best- fit model, bole age (χ2
2
 = 1.94, p = .38) and 
initial cross- sectional mass (χ2
2
 = 4.07, p = .13), did not differ among 
litter treatments. Moreover, tree species composition was similar 
among litter treatments (pseudo- F2,23 = 0.54, p = .99, Figure S3). By 
contrast, the composition of tree species that had completely decom-
posed during the 15- year study differed from the tree species that 
remained in 2016 (pseudo- F1,23 = 2.24, p = .001). Indicator species 
analysis revealed that Tetragastris panamensis (IV = 38.5, p = .021), 
Lonchocarpus heptaphyllus (IV = 30.8, p = .048), and Zanthoxylum 
acuminatum (IV = 30.8, p = .058) had a large proportion of boles re-
maining and thus were identified as species with potentially recalci-
trant wood. Only Cordia bicolor (IV = 42.9, p = .017) was indicative 
of completely decomposed boles and therefore was identified as a 
species with particularly labile wood.
TABLE  1 The PCA loadings for axes 1 and 2 reported along with 
the results of vector fitting for each variable (R2). These values are 
from older boles used in the NPK limitation experiment before they 
were treated with aqueous NPK
Variable PC1 loadings PC2 loadings R2
Al 0.95 −0.04 .81
B 0.61 −0.35 .44
C −0.58 −0.47 .50
C:N −0.39 0.59 .44
Ca 0.33 0.53 .35
Cu 0.32 0.00 .09
Fe 0.95 −0.06 .81
K 0.42 0.54 .42
Mg 0.56 0.49 .50
Mn 0.96 0.00 .81
N 0.23 −0.75 .54
Na 0.02 0.77 .53
P 0.58 0.14 .31
Zn 0.71 −0.48 .64
Bole density 
remaining
0.26 −0.02 .06
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3.3 | Wood respiration and NPK addition
Respiration rates from decomposing wood differed among litter treat-
ments (χ2
2
 = 8.63, p = .013; Figure 2). Specifically, wood respiration 
rates in control plots were approximately 60% greater than those in 
litter removal plots (Tukey HSD: z = 2.83, p = .013). Wood respira-
tion rates in litter addition plots were intermediate and did not differ 
significantly from either control or litter removal plots (Tukey HSD: 
z < 2.06, p > .10). Respiration rates were unaffected by bole density 
remaining (χ2
1
 = 0.39, p = .53, α = 0.0167).
Changes in respiration rates in response to NPK and H2O additions 
differed among litter treatments (Figure 3; litter treatment × NPK/
H2O addition interaction: χ
2
2
 = 10.61, p = .005, α = 0.0167). NPK ad-
dition increased wood respiration rates more than H2O addition in 
the litter removal (χ2
1
 = 7.13, p = .008, α = 0.0167) and litter addition 
plots (χ2
1
 = 12.85, p < .001, α = 0.0167). By contrast, the NPK addition 
did not change wood respiration rates more than H2O in the control 
plots (χ2
1
 = 1.06, p = .304, α = 0.0167). Regardless of treatment, scores 
from PCA axes 1 and 2, representing bole chemical properties, were 
not related to changes in respiration (χ2
1
 < 0.671, p > .413). Respiration 
rates of NPK and H2O treatments were consistent between 3 and 
18 days post- treatment (X21 < 1.75, p > .417) and bole density remain-
ing did not differ among treatments (X2
2
 = 2.75, p > .254).
3.4 | Wood chemistry
The first two PCA axes from the ordination of bole chemical proper-
ties explained nearly 50% of the variation in the elemental compo-
sition of old boles (Figure 4). Boles from litter addition and removal 
treatments separated along PCA axis 2, but there was no clear separa-
tion between either litter treatment and the controls. PCA axis 2 load-
ings (loading > 0.3) indicated that concentrations of Ca, K, Mg and Na 
were higher in litter addition boles, whereas B, C, N, and Zn were all 
F IGURE  1 The log odds of complete 
decomposition (with 95% confidence 
intervals) for boles in different litter 
manipulation treatments considering both 
their age and initial cross- sectional mass 
(litter removal: triangles and dashed line; 
litter control: squares and solid line; litter 
addition: circles and dotted line) across a 
15 year chronosequence of tree death in 
lowland tropical forest in Panama. Greater 
log odds correspond with greater likelihood 
of complete decomposition, whereas lesser 
log odds indicates reduced likelihood of 
decomposition
F IGURE  2 Average wood respiration rates (CO2 efflux ± 95% 
confidence interval) of decomposing boles in litter addition, litter 
removal and control treatments (n = 28 for each litter treatment)
F IGURE  3 Change in wood respiration (%) for older boles 
(>3 years old) in response to both NPK and water addition. Changes 
in respiration presented here are averages from three different 
measurement periods over 18 days. The treatments were divided 
among litter addition (circles and dotted line), litter removal (triangles 
and dashed line), and litter control treatments (squares and solid line)
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greater in the litter removal boles (Table 1). PCA axis 1 (31% of varia-
tion) explained nearly twice as much variation in elemental composi-
tion as PCA axis 2 (17% of variation), but axis 1 was not clearly related 
to differences among litter treatments.
Despite apparent differences in ordination space, concentrations 
of individual elements in old boles were generally similar regardless 
of treatment (Table 2). Neither N concentrations nor ratios of C:N 
and C:P differed among treatments (χ2
2
 > 4.58, p > .1). Na concen-
trations were lower in litter removal plots relative to litter addition 
plots (χ2
2
 = 8.23, p = .016, Tukey: t = 2.78, p = .015), but Na concen-
tration in the litter manipulations did not differ from controls (Tukey: 
t < 1.53, p > .27). Similarly, there was a trend towards lower K in the 
litter removal plots relative to the other treatments (χ2
2
 = 5.15, p = .08) 
and K concentrations were weakly related to bole density remaining 
(χ2
2
 = 2.83, p = .09). C and Cu concentrations exhibited interaction ef-
fects between bole density remaining and litter treatments (χ2
2
 > 8.19, 
p < .017). However, these interaction effects were largely due to a 
single high- leverage outlier, and thus it is unlikely that they indicate 
a biologically relevant response. Concentrations of all other elements 
(P, Zn, Ca, Mn, Mg, Al, B, Fe) were similar among treatments (χ2 < 4.06, 
p > .13). Calcium and K concentrations were correlated with bole den-
sity remaining (χ2
1
 > 5.7, p < .02), but bole density remaining was un-
related to nutrient concentrations for Al, B, Fe, Mg, Mn, N, P, and Zn 
(χ2
1
 < 2.07, p > .15).
4  | DISCUSSION
The controls of CWD decomposition, particularly exogenous fac-
tors such as nutrient availability, remain poorly understood. Here 
we provide experimental evidence that litter is important to CWD 
decomposition and that the effects of litter manipulation on wood de-
composition are mediated by nutrient availability. These differences in 
decomposition outcomes were only apparent after 6 years (Figure 1), 
and the directional differences in these outcomes among litter treat-
ments were counter to a previous, co- located experiment using small 
substrates over a short time frame.
Greater availability of macronutrients is generally expected to in-
crease decomposition rates, but relevant data for CWD are lacking 
(Chen et al., 2015; Harmon et al., 1986). A previous short- term study 
(70 days) in the GLiMP plots concluded that increased nutrient avail-
ability explained faster rates of birch stick decomposition in the litter 
addition treatments relative to removal and control treatments (Sayer 
et al., 2006). By contrast, respiration rates (Figure 2) and long- term 
CWD decomposition (Figure 1) did not differ between the litter ad-
dition and control treatments in our study. In terms of nutrients, de-
composer respiration rates in the litter addition plots were relatively 
nutrient limited (Figure 3) despite greater soil inorganic N and resin- P 
measured previously. It is likely that differences between our study 
and the earlier study from these same plots (Sayer et al., 2006) were 
caused by substrate effects (decomposition of birch sticks vs. CWD) 
and a difference between the short and long- term effects of litter 
manipulations, as suggested by the interaction effect between litter 
treatment and bole age (Figure 1). The moderate increases in soil nu-
trients did not influence long- term decomposition, and the contrast-
ing results demonstrate that short- term and small- scale experiments 
(such as Sayer et al., 2006) are not necessarily predictive of the long- 
term outcomes for CWD.
Results from the litter removal plots provide direct and indirect 
evidence that reduced soil nutrients decreased long- term rates of 
CWD decomposition. The importance of soil nutrients during CWD 
decomposition was clearly established by previous work (Swift, 1977; 
Zimmerman et al., 1995), and experiments at our study site demon-
strated that P and K limit decomposition of more labile substrates 
F IGURE  4 PCA ordination of the elemental concentrations of 
boles from the NPK limitation experiment. Each point represents the 
average elemental concentrations of a bole and boles are grouped 
by litter manipulation treatment. Vectors indicate the direction and 
magnitude of correlations (R2 > .3) among elemental concentrations 
of each bole (Table 1). Note that Mn, Fe, and Al overlap in the 
positive direction along the X axis. Ellipses are the 95% confidence 
interval wherein the centroid for boles of each litter treatment is 
located (addition = dashed, removal = dotted, control = solid)
TABLE  2 Elemental concentrations (±SE) of old boles distributed 
among the three litter manipulation treatments prior to NPK 
addition. Superscript letters denote differences among treatments. 
Sample sizes (N) indicate the number of total samples, but two 
separate samples were taken from each individual bole
Elements
Control 
(N = 12)
Litter addition 
(N = 18)
Litter removal 
(N = 10)
Al (mg/g) 6.01 (4.28) 1.19 (0.49) 4.71 (2.46)
B (mg/g) 0.01 (<0.01) <0.01 (<0.01) 0.01 (<0.01)
C% 42.10 (1.39) 43.16 (0.58) 46.42 (1.26)
Ca (mg/g) 6.50 (0.94) 13.01 (2.52) 6.56 (1.38)
Cu (mg/g) 0.01 (<0.01) 0.01 (<0.01) 0.02 (0.01)
Fe (mg/g) 4.97 (3.46) 1.01 (0.41) 4.20 (2.22)
K (mg/g) 0.67 (0.12) 0.63 (0.09) 0.39 (0.06)
Mg (mg/g) 0.28 (0.09) 0.39 (0.11) 0.31 (0.08)
N% 0.74 (0.10) 0.69 (0.07) 1.04 (0.13)
Na (mg/g) 0.08ab (0.02) 0.12a (0.01) 0.05b (0.01)
P (mg/g) 0.07 (0.02) 0.07 (0.02) 0.07 (0.02)
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(Kaspari et al., 2008). Without litter inputs, long- term decomposition 
rates decreased, soil P concentrations were reduced (as were soil Ca, 
Mg, and inorganic N; Sheldrake, Rosenstock, Revillini, Olsson, Mangan 
et al., 2017), and there was a trend towards decreased K concentra-
tions in old boles in the litter removal plots. Moreover, experimental 
NPK addition provided direct evidence that the activity of wood de-
composers in the litter removal plots is limited by N, P, and/or K avail-
ability (Figure 3). Finally, there was a greater proportion of standing 
dead trees (snags) in the litter removal plots than in controls or litter 
addition plots (Table S2), suggesting that decreased decomposition 
rates increased snag residence time. This potentially explains the inter-
action between litter treatment and bole age – snags decompose more 
slowly than downed boles (Harmon et al., 1986; Song et al., 2017) and 
the accumulation of snags should have a positive feedback effect that 
further reduces long- term CWD decomposition rates. Cumulatively, 
these results suggest that reduced nutrient availability decreased 
wood decomposition rates, and thus soil nutrient availability is import-
ant to long- term CWD decomposition.
Apart from N, P, and K, it is likely that other nutrients influence 
wood decomposition. In the same forest used for our study, fertiliza-
tion with a combination of other nutrients (B, Ca, Cu, Fe, Mg, Mn, Mo, 
S, and Zn) increased leaf litter decomposition more than N, P, and/or 
K (Kaspari et al., 2008). The soil concentrations of two of these nutri-
ents, Mg and Ca, were lower in the litter removal plots, but the relative 
concentrations of Mn, Al, and Zn were unchanged (Sayer et al., 2012; 
Sheldrake, Rosenstock, Revillini, Olsson, Mangan et al., 2017) and the 
others were not quantified. The PCA indicated that the elemental 
composition of boles differed between litter manipulations (Figure 4), 
but high variation in the concentrations of individual nutrients likely 
obscured biologically relevant differences among litter treatments 
(mean coefficient of variation ± SD: 108 ± 74).
Only sodium (Na) concentrations in boles differed among litter 
treatments (addition > removal, Table 2). This is potentially import-
ant because Na influences decomposition (Kaspari, Yanoviak, Dudley, 
Yuan, & Clay, 2009) and catalyzes the use of N and P by soil inverte-
brates (Kaspari, Roeder, Benson, Weiser, & Sanders, 2017) and poten-
tially other saproxylic eukaryotes. A detailed investigation of how Na 
influences CWD decomposition was beyond the scope of this study, 
but our results suggest it is worthy of future exploration.
It is also likely that changes in microbial community structure de-
creased CWD decomposition rates in the litter removal plots. Although 
total soil microbial biomass did not differ among litter treatments (Sayer 
et al., 2012), communities of arbuscular mycorrhizal fungi were signifi-
cantly altered in the litter removals (Sheldrake, Rosenstock, Revillini, 
Olsson, Mangan et al., 2017) and similar substrate addition experi-
ments changed bacterial communities as well (Nottingham, Griffiths, 
Chamberlain, Stott, & Tanner, 2009). Reduced nutrient availability in 
the litter removal plots potentially limited fungal growth (Kaye & Hart, 
1997; Sheldrake, Rosenstock, Revillini, Olsson, Mangan et al., 2017; 
Swift, 1977) and it is possible that the lack of litter substrate for de-
composition decreased the biomass of fungal saprotrophs. Without 
sufficient nutrients or substrate, the resulting fungal community 
is potentially optimized for other strategies (e.g. scavenging for soil 
nutrients and symbiosis with plants; Sheldrake, Rosenstock, Revillini, 
Olsson, Mangan et al., 2017; Sheldrake, Rosenstock, Revillini, Olsson, 
Wright et al., 2017; Zimmerman et al., 1995) leading to reduced wood 
decomposition.
Tree species effects likely caused substantial variability within the 
patterns observed in our study. Although bole species composition 
was similar among litter treatments (Figure S3), most species had low 
replication and thus the statistical power of this comparison was lim-
ited. We identified three relatively recalcitrant tree species and one 
relatively labile species. The separation of these species suggests that 
shade- tolerant species (e.g. Tetragastris panamensis and Lonchocarpus 
heptaphyllus) are likely to have recalcitrant wood, whereas certain 
pioneer species have particularly labile wood (Cordia bicolor; Rüger, 
Huth, Hubbell, & Condit, 2009). However, these results were poten-
tially influenced by unbalanced sample sizes. Wood density and con-
centrations of nutrients, lignin, and other compounds differ among 
species and profoundly affect decomposition (reviewed by Harmon 
et al., 1986). Consequently, we used proxy variables (wood density 
and chemical composition) to consider the role of tree species. Given 
these considerations, our results demonstrate that the influence of lit-
ter manipulation was strong enough to emerge despite unstructured 
variation in tree species composition between treatment blocks.
Temporal differences in bole selection, year- to- year decomposi-
tion dynamics, and environmental effects potentially influenced the 
patterns observed in our study. Boles omitted from this study tended 
to be smaller and denser than boles that were retained (Table S1), and 
respiration measurements required structurally stable boles that are 
likely more recalcitrant than average. However, both of these differ-
ences were consistent among litter treatments and unlikely to affect 
the observed differences in decomposition. Given that our study was 
performed across a chronosequence, we only captured outcomes of 
long- term decomposition, which we related to single time- point mea-
surements of respiration and relative differences in nutrient limitation. 
Thus possible year- to- year differences in decomposition within and 
among litter treatments were not considered. Moisture and tempera-
ture are important controls of decomposition, but previous measure-
ments indicated that neither soil moisture content nor temperature 
differed among litter treatments (Sayer & Tanner, 2010b). Given the 
unusually large sample size (n = 214) and multiple lines of evidence, it 
is unlikely that these caveats affected our finding of nutrient limitation 
of decomposition in the litter removal plots. However, these sources of 
error could have obscured other biologically significant responses, such 
as our unsupported prediction that increased nutrient availability in the 
litter addition plots would increase decomposition and respiration rates.
In general, studies of wood decomposition aim to understand how 
carbon and other nutrients return to the atmosphere and biosphere. 
Short- term studies of small substrates provide a great foundation 
for understanding how endogenous (e.g. size, chemical composition, 
density) and exogenous (e.g. nutrient availability, climate, organismal 
effects, and their complex interactions) factors control wood decom-
position (reviewed by Cornwell et al., 2009; Harmon et al., 1986). 
However, CWD comprises the majority of all wood mass and, to date, 
studies of factors that control long- term decomposition of entire boles 
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are limited to the effects of substrate characteristics (species, size, 
density, and chemistry Brais, Paré, & Leirman, 2006; Lang & Knight, 
1979; van Geffen et al., 2010) and climate (Chambers et al., 2000; 
Přívětivý et al., 2016). Conspicuously missing from the literature are 
experimental manipulations of exogenous factors, such as nutrient 
availability, that influence CWD decomposition.
Using litter manipulations, we provide evidence that soil nutrients 
are partially responsible for maintaining long- term rates of CWD de-
composition, but moderate increases in soil nutrient availability do not 
meaningfully affect decomposition or wood respiration. Moreover, our 
results suggest that short- term studies potentially miss biologically 
important effects. To improve our understanding of decomposition 
and carbon cycling, further experimental manipulations of CWD de-
composition are necessary, particularly investigations into the roles 
of exogenous nutrient availability, decomposer organisms, and their 
interactions (Fukami et al., 2010). We suggest that long- term CWD 
experiments be paired with more traditional manipulations of small 
substrates to test the connection between short- term and long- term 
decomposition.
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